Background: The identification of novel rehabilitative impairments that are risk factors for mobility limitations may improve their prevention and treatment among older adults. We tested the hypothesis that impaired rhythmic interlimb ankle and shoulder coordination are risk factors for subsequent mobility limitations among older adults. Methods: We conducted a 1-year prospective cohort study of community-dwelling older adults (N = 99) aged 67 years and older who did not have mobility limitations (Short Physical Performance Battery score > 9) at baseline. Participants performed antiphase coordination of the right and left ankles or shoulders while paced by an auditory metronome. Using multivariable logistic regression, we determined odds ratios (ORs) for mobility limitations at 1-year follow-up as a function of coordination variability and asymmetry. Results: After adjusting for age, sex, body mass index, Mini-Mental State Examination score, number of chronic conditions, and baseline Short Physical Performance Battery score, ORs were significant for developing mobility limitations based on a 1 SD difference in the variability of ankle (OR = 1.88; 95% confidence interval [CI]: 1.16-3.05) and shoulder (OR = 1.96; 95% CI: 1.17-3.29) coordination. ORs were significant for asymmetry of shoulder (OR = 2.11; 95% CI: 1.25-3.57), but not ankle (OR = 0.95; 95% CI: 0.59-1.55) coordination. Similar results were found in unadjusted analyses.
of disability, nursing home placement, and mortality (6) (7) (8) . Mobility limitations can lead to disability in activities of daily living (9) , a loss of independence, and decreased quality of life (10) . Mobility limitations have been associated with chronic pain (11, 12) , mild cognitive impairment (13, 14) , low ankle torque (15) , and low leg strength and velocity (16) . Risk factors for subsequent mobility decline, identified in longitudinal studies, include older age, being female, low physical activity, obesity, impaired strength or balance, chronic diseases (9, (17) (18) (19) (20) (21) (22) , depressive symptoms, and cognitive impairment (17) (18) (19) (20) (21) .
Rhythmic interlimb coordination is a generalized form of coordination that involves peripheral (eg, muscular, sensory) and central (eg, neural coupling, information processing) processes. Rhythmic interlimb coordination refers to the ability to synchronously move two parts of the body in specific repeated kinematic movement patterns, without the requirement of adapting these to the environment. A decline in the ability to coordinate two limb segments may reflect a central dysfunction that generalizes to other forms of coordination and to functional task performance (23, 24) . Clinically applicable assessments of coordination have previously been created (25) . If impaired coordination is a risk factor for mobility limitations, it may be possible to modify these clinical assessments or develop reliable and clinically applicable new assessments of this risk.
Rhythmic interlimb coordination declines (ie, coordination becomes more variable) with aging (24) . However, to our knowledge, no research has specifically examined rhythmic interlimb coordination as a potential risk factor for the development of mobility limitations. Therefore, we conducted a prospective study of the risk for developing mobility limitations over 1 year as a function of the ability to perform rhythmic interlimb coordination of the right and left lower (ankles) and upper (shoulders) extremities, among community-dwelling older adults. We hypothesized that older adults with high (ie, poor) (a) ankle coordination variability; (b) shoulder coordination variability; (c) ankle coordination variability; and (d) ankle coordination asymmetry, at baseline, would have a higher risk for mobility limitations at 1-year follow-up. Furthermore, we speculated that the ability of rhythmic coordination to predict mobility limitations would be independent of several other previously reported predictors.
Methods

Participants
Community-dwelling older adults aged 67-94 years were recruited for this study and gave informed consent approved by the University of Massachusetts Lowell Independent Review Board. Inclusion criteria were age 65 years or older, speak and understand English, walk 20 feet without personal assistance, sufficient vision to read written material, and sufficient hearing to synchronize movements with auditory metronome tones. Exclusion criteria were having mobility limitation defined as a Short Physical Performance Battery (SPPB) score ≤ 9 (26), moderate to severe cognitive impairment defined as a Mini-Mental State Examination (MMSE) score of less than 18 (27) , diagnosis of a terminal disease, Parkinson's disease, Alzheimer's disease, stroke, multiple sclerosis, any neuromuscular, cardiopulmonary, or orthopedic condition that would impair movement in the ankle or shoulder, and planning to leave the area within the coming year. Direct mail was used to recruit community-dwelling older adults in the Lowell, MA area. The recruitment letter listed inclusion and exclusion criteria obtained through participant self-report. Trained research assistants conducted initial telephone screening, followed by laboratory screening for exclusionary criteria and assessments of coordination and mobility.
Measures
Interlimb coordination assessment Participants were positioned supine on a physical therapy table with their knees and lower legs supported to allow unrestricted movement of the ankles. Orthoses that confined ankle movements to dorsi-plantar flexion were placed on each foot and lower leg. To assess shoulder coordination, the participants were instructed to extend their arms vertically in front of them and to maintain their elbows in an extended position.
A standard coordination synchronization protocol (28) was used to assess antiphase (moving body segments simultaneously in opposite directions) coordination variability and asymmetry. For both ankle and shoulder coordination tasks, participants were instructed to move their right and left ankles or shoulders in antiphase coordination in synchronization with auditory metronome tones paced for movement frequencies of 0.75 Hz for ankle coordination testing and 0.50 Hz for shoulder coordination testing. Participants performed one trial of each coordination assessment, the order of which was randomized.
A Qualisys (Gothenburg, Sweden) 8-camera motion capture system with reflective markers collected kinematic data on the angular position of the ankles and arms at a sampling rate of 100 Hz. The variability of rhythmic interlimb shoulder coordination was measured using an established measure of interlimb coordination: the SD of the relative phase between right and left body segments (29) . Relative phase was calculated from angular position data using the established point estimate method (2) from the first 20 relative phase of both flexion and extension (for a total of 40 relative phase values for each participant). Coordination asymmetry was measured as the absolute deviation of mean relative phase from 180°. In previous unpublished work, we found good-to-excellent reliability (intraclass [3,k] correlation coefficients of .72, .85) for the SD of ankle and shoulder relative phase.
Assessment of mobility limitations
Mobility limitations were assessed using the SPPB. The SPPB is a well-validated measure of mobility performance that has been shown to predict hospitalization and disability (6) (7) (8) . The SPPB includes measures of usual-paced walking speed, time to rise from a chair five times, and standing balance (8) . Higher SPPB scores (maximum score = 12) represent better performance. The presence of mobility limitations was defined according to an established cut-point, a total SPPB score ≤ 9 (8). The SPPB was administered at baseline to screen for those without mobility limitations and at 1-year follow-up to identify those who developed mobility limitations.
Demographics and comorbidities
Demographic characteristics included age, sex, and race. Body mass index (BMI) was determined from the measured weight in kilograms divided by height in meter square, and the MMSE was used to assess general cognitive functioning (30) . Participants were asked if a physician had ever told them that they had heart disease (myocardial infarction, atrial fibrillation, pacemaker, angina, or congestive heart failure), high blood pressure, high cholesterol, diabetes, cancer, depression, osteoarthritis, spinal stenosis, rheumatoid arthritis, gout, lung disease (asthma, emphysema, chronic bronchitis, or chronic obstructive lung disease), eye disease, or fibromyalgia.
Statistical Analyses
For the baseline demographic and health characteristics, we calculated the frequencies and proportions for categorical variables and the means and SD for continuous variables. Evaluation of the assumption of normality of residuals was confirmed by inspection and examined possible collinearity of independent variables. We conducted an interquartile-range analysis to search for potential outliers in the data. Next, we created four separate multivariable logistic regression models evaluating the odds for developing mobility limitations as a function of ankle and shoulder coordination variability and asymmetry, generating adjusted odds ratios (ORs) and 95% confidence intervals (CIs). To allow a frame of reference for interpreting ORs, we report these based on a 1 SD difference in coordination measures. Inferential statistical analysis was performed using IBM SPSS software (version 22) with a Type I error of 0.05.
Results
A total of 191 participants were screened, and 105 met all criteria for participation and were enrolled in the study, and completed the baseline assessment. Of those who completed the baseline assessment, 99 participants returned for the follow-up assessment after 1 year. Baseline characteristics of the study participants and 1-year follow-up mobility assessment data are presented in Table 1 . The Pearson correlation coefficients between the coordination and each of the adjustment variables were <.40, and the variance inflation factors for each were <2, so all were included in the multivariable logistic regression models. Among those without mobility limitations, there were significant Pearson correlations between the coordination variability and asymmetry of ankle (r = .44; p < .001) and shoulder (r = .49; p < .001) coordination. Among those with limitations, there were significant correlations only between shoulder coordination variability and asymmetry (r = .52; p = .004). No other correlations between ankle and shoulder coordination variability and asymmetry were significant among those with or without mobility limitations (all p > .05). The baseline ankle and shoulder coordination variability measurements were higher among older adults who subsequently developed mobility limitations than among those who did not. The mean asymmetry of shoulder, but not ankle, coordination was higher in those who developed mobility limitations, compared with their peers who did not develop limitations (see Figure 1) . Table 2 presents the multivariable logistic regression models evaluating the odds for developing mobility limitations, adjusting for age and sex. The ORs were significant for developing mobility limitations based on a 1 SD difference in the variability of ankle (OR = 1.81; 95% CI: 1.13-2.90) and shoulder (OR = 1.86; 95% CI: 1.13-3.05) coordination. The ORs were significant for asymmetry of shoulder (OR = 1.70; 95% CI: 1.08-2.67), but not ankle (OR = 0.95; 95% CI: 0.61-1.49) coordination. Table 3 presents the regression models evaluating the risk for mobility limitations when adjusting for age, sex, body mass index, MMSE score, number of chronic conditions, and baseline SPPB score. After adjusting for these potential confounders, the ORs were significant for developing mobility limitations based on a 1 SD difference in the variability of ankle (OR = 1.88; 95% CI: 1.16-3.05) and shoulder (OR = 1.96; 95% CI: 1.17-3.29) coordination. The ORs were significant for asymmetry of shoulder (OR = 2.11; 95% CI: 1.25-3.57), but not ankle (OR = 0.95; 95% CI: 0.59-1.55) coordination.
Discussion
Prior research has examined the associations of maximal speed interlimb (eg, foot, finger) tapping with disability (31). The coordination of body segments during gait has been examined with respect to mobility (1,32) and aging (32) (33) (34) . To our knowledge, this is the first study to examine a generalized form of coordination, rhythmic interlimb coordination, as a risk factor for mobility limitations. In this cohort of community-dwelling older adults, we found that the older adults with poor rhythmic interlimb coordination at baseline were more likely to develop mobility limitations over the course of 1 year. Specifically, the variability of rhythmic interlimb ankle and shoulder coordination, and the asymmetry of shoulder coordination were risk factors for the development of mobility limitations, even after adjusting for several potential confounders. These findings support our hypotheses (a), (b), and (d). Our hypothesis that ankle coordination asymmetry is a risk factor for developing mobility limitations was not supported.
These findings have important implications for the prevention and treatment of mobility limitations among older adults. If clinically applicable coordination assessments can be created and validated, these may assist with the identification of older adults at risk for developing mobility limitations. Clinically applicable assessments of interlimb coordination have previously been tested (25) . Recent research has found that task-specific coordination training can improve the mobility of older adults (4, 35) . Randomized controlled trials are needed to determine if intervening to improve rhythmic interlimb coordination leads to a decreased risk for mobility limitations among older adults.
Rhythmic interlimb coordination depends on peripheral factors and central processes. Peripheral factors such as asymmetries in strength, power, range of motion, and the timing of upper and lower extremity movements have been associated with aging (32) and mobility limitations (36) . Poor nutrition has also been linked to mobility status (37) . It is possible that peripheral or environmental factors such as these also contribute to impaired coordination among older adults. The finding that upper extremity coordination is a risk factor for subsequent mobility limitations, both with and without adjustment for potential confounders, may be due to impaired central neurological function that affects the upper as well as lower extremities. Prior research has shown that proper performance of rhythmic antiphase coordination depends on the ability of the central nervous system to inhibit the default in-phase neuromotor coupling of limbs (38) . Aging is associated with decreased inhibition of in-phase neuromotor coupling (24, 25) and reliance on increased neural recruitment to inhibit the in-phase neuromotor coupling (38, 39) . This decreased inhibition is attributed to poor cognitive regulation, sensory information processing, and increased reliance on cognitive neural substrates (23, 24, 38) . Decline in these central processes may contribute to impaired interlimb or other forms of coordination among older adults that, in turn, leads to the development of mobility limitations. Future work is needed to distinguish the contribution of central processes and peripheral factors to mobility limitations. An implication of the present findings is that the prevention and treatment of mobility limitations may benefit from treatment of central processes such as the ability to inhibit the in-phase coupling of limbs.
Our finding that shoulder, but not ankle, asymmetry was a risk factor for mobility limitations was not expected. Still, this disparity could be due to peripheral (eg, biomechanical) or central (eg, neural substrate) factors. The nonsignificance of ankle coordination asymmetry as a risk factor may have been related to the relatively low strength and power required in the ankle coordination task due to the absence of external resistance. Usually during the gait cycle, in contrast to the upper limb, the ankle is generating relatively high forces. Therefore, it may be that a testing paradigm for asymmetry under similar conditions might be more closely linked to the development of mobility limitations. This finding may also relate to the absence of a significant correlation between ankle coordination variability and asymmetry among those with mobility limitations. Prior work has shown that peripheral factors can simultaneously influence the variability and asymmetry of coordination, whereas central factors can influence coordination variability and asymmetry independently (40) . It is possible that ankle coordination variability, but not asymmetry, is predictive of mobility limitations due to differences in the relative contributions of peripheral and central factors to interlimb ankle coordination. Future work is needed to examine this intriguing possibility. It is also possible that ankle asymmetry may be predictive at a follow-up other than 1 year. A limitation of this study is the modest sample size. It is possible that with a larger sample the asymmetry of ankle coordination would be significantly associated with subsequent mobility limitations. However, we consider this to be unlikely, due to the absence of even a trend in difference between the ankle asymmetry of those who did, compared with those who did not, develop mobility limitations.
In summary, our findings show that interlimb coordination impairments are an important risk factor for the development of mobility limitations among older adults. Poor ankle and shoulder coordination place older adults at higher risk for developing mobility limitations. Future work is needed to examine peripheral and central mechanisms that link impaired coordination with subsequent mobility limitations. Work is also needed to determine whether intervening to improve coordination alters the risk for developing mobility limitations among older adults. 
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